Differences between magnetic responses to red-green chromatic gratings and yellow'black luminance gratings were: (1) response waveforms differed considerably; (2) at some recording sites the chromatic grating response was considerably greater than the sum of responses to the red and green components of the chromatic grating; (3) the latencies of the successive peaks in the response to the onset of chromatic contrast were greater than the latencies of the corresponding peaks in the response~to luminance contrast onset; (4) chromatic grating responses were Iowpass with respect to spatial frequency while luminance grating responses were bandpass; (5) chromatic grating responses attenuated more steeply with increasing frequency above 2 c/deg than did luminance grating responses. Items (3)-(5) above are consistent with well-known psychophysical findings that contrast sensitivity is lowpass for chromatic gratings and chromatic responses are more Sluggish than luminance responses.
INTRODUCTION
Studies of the magnetic and electrical responses of the human brain to visual stimuli can help to relate psychophysical data on the functioning of the human visual system as-a-whole with data on the properties of single cells in monkey visual cortex [see Regan (1989) , pp. 302-474 for a review]. The significance of this point for colour research is that, although the relationship between colour psychophysics and physiology is reasonably well understood at retinal level, it is less clear in regard to cortical processing.
Magnetic and electrical recording are complementary in that the magnetic field radial to the skull is produced chiefly by currents flowing along the cell bodies and dendrites of neurons that are oriented parallel to the skull, e.g. neurons on one wall of a fissure. In addition, any given recording coil emphasizes the activity of neurons close to the coil at the expense of the activity of more distant neurons. In contrast, the volume currents that give rise to evoked potentials recorded from scalp electrodes receive contributions from neurons oriented *This work was reported in part to the 1993 meeting of the Association for Research in Vision and Ophthalmology (Regan & He, 1993) . tDepartments of Psychology and Biology, Room 375 BSB, York University, 4700 Keele Street, North York, Ontario, Canada M3J 1P3.
at right angles to the skull as well as parallel to the skull, and from neurons that are distant as well as close to the recording electrodes. For that-reason we recorded both magnetic and electrical responses in the present study. The main part of the study described below is a comparison of magnetic responses to equiluminant red-green gratings with responses to luminance gratings. In subsidiary experiments we compared magnetic responses to equiluminant blue-yellow and red-green gratings. We relate the findings to human psychophysics and to the properties of single cells in monkey cortex.
GENERAL METHODS

Visual stimulation
Vertical sinewave gratings were generated by a Venus TM system, displayed on a monitor at a resolution of 1024 x 1024 pixels placed outside a magneticallyshielded room, and viewed via mirrors from within the room. The display subtended 4 x 4 deg. Equiluminant red-green chromatic gratings were created by superimposing a red grating on a green grating with a 180 deg difference of spatial phase. The two gratings each had a contrast of 100% and a space-averaged luminance of 23 cd/m 2. Monochromatic yellow luminance gratings were created by superimposing the same red and green gratings with zero difference of spatial phase.
Equiluminant blue-yellow chromatic gratings were created by superimposing a blue grating on a yellow grating with 180deg difference of spatial phase. The two gratings each had a contrast of 100% and a spaceaveraged luminance of 20 cd/m 2. Monochromatic white luminance gratings were created by superimposing the same blue and yellow gratings with zero difference of spatial phase. The CIE chromaticity coordinates of the red, green, yellow and blue lights, measured by means of a Minolta chroma meter model CL-100, were as follows. Red: 0.614, 0.351; green: 0.301, 0.600; yellow: 0.442, 0.485; and blue: 0.144, 0.066 .
The contrast of each of the two component gratings was modulated between zero and 100% by a square waveform of frequency 1.0Hz. Thus, for example, the red-green grating appeared as a 4 × 4 deg uniform yellow area for 0.5 sec then abruptly changed into a red-green chromatic contrast grating (contrast ON) and remained constant for 0.5 sec, then abruptly reverted to a uniform yellow area (contrast OFF) and remained constant for 0.5 sec, and so on. Luminance contrast remained zero and mean luminance remained constant throughout. The yellow luminance grating appeared as a 4 × 4deg uniform yellow area for 0.5sec, then abruptly changed into a yellow-black luminance grating (contrast ON) and remained constant for 0.5 sec, then abruptly reverted to a uniform yellow area (contrast OFF) and remained constant for 0.5 sec, and so on. Chromatic contrast remained zero and luminance remained constant throughout. The appearance of the blue-yellow chromatic grating and white-black luminance grating could by described along the same lines.
The equiluminance point was set by heterochromatic flicker photometry (HFP) as follows (Walsh, 1958) . A uniform circular area of red light was superimposed on a uniform circular area of green light and the two lights were flickered in antiphase with 100% temporal modulation depth. The subject was provided with a knob that controlled the luminance of the green light, and instructed to adjust the knob for minimal perceived flicker. Flicker frequency was set to give the most critical setting. Five settings were made and the luminances at minimum flicker entered in the Venus TM programme. Blue and yellow luminances were equated using a similar procedure.
Magnetic recording
Magnetic responses of the brain produced by visual stimulation were recorded by means of a 7-channel magnetometer (model 607, Biomagnetic Technologies Inc. TM) in a magnetically shielded room. The magnetic flux within each of the seven coils was measured by means of superconducting quantum interference devices (SQUIDs). The second order gradiometer recording coils formed a hexagonal array 2 cm apart and were contained in a dewar filled with liquid helium. The recording coils were oriented perpendicular to the skull. Because the magnetic field generated by an electric current is perpendicular to the current, this arrangement ensured that the measured field was chiefly generated by neurons oriented at right angles to the recording coils (Williamson & Kaufman, 1981; Haft & Ilmoniemi, 1986) . The external field normal to the skull is comparatively little affected by volume currents within the head, and is predominat¢ly determined by postsynaptic potentials flowing along the cellular membrane rather than by axonal firing (Williamson & Kaufman, 1981) . Furthermore, the head is transparent to low frequency magnetic fields so that the field distribution is unaffected by the variations of electrical conductivity within the head. Because the coils recorded mainly from nearby sources (Williamson & Kaufman, 1981; Hari & Ilmoniemi, 1986) we conclude that the signals from any given coil were chiefly from cortical neurons oriented parallel to the skull and close to the coil. Magnetic signals were filtered from 1 to 50 Hz and signal-to-noise ratio was enhanced by time domain averaging [reviewed in Regan (1989), pp. 41-53] . Sweep duration was 0.95 sec and 120 trials were averaged. Each recording gave the average response from seven recording locations. The magnetic field distribution over the head was based on seven to eight placements of the Dewar, i.e. on 49-56 recording locations. The position of the recording coils relative to the head we.re recorded by means of a sensor position indicator (Biomagnetic Technologies Inc.XM). This device used three detectors fixed to the head by a velcro band that picked up signals from a transmitter whose location relative to the recording coils had been precalibrated. The accuracy of locating the position of a coil relative to the subject's head has been estimated as consistently better than 2 mm (Williamson & Kaufman, 1989) . The sensor position indicator was also used to encode head dimensions and three-dimensional shape. The multiple recordings were translated into a map of the magnetic field over a spherical surface computed to be a best fit to the region of skull from which recordings were made (Haft & Lounasma, 1989) .
Electrical recording
Electrical responses of the brain produced by visual stimulation were recorded using conventional timedomain averaging from an array of gold electrodes. Twenty electrodes were placed on the scalp in a rectangular 4 × 5 array with the shorter axis parallel to the midline. The central electrode in the bottom horizontal row was located on the inion. Any given electrode was 2 cm from its nearest neighbour(s). The common reference was linked ears. The vertex was grounded. Amplifier bandpass was 1-50 Hz.
Data analysis
With the intent that at least the first component of the response should be generated by a single relatively small area of the cortex, the stimulus was restricted to either a 4 × 4 deg quadrant of the visual field extending from the fovea centralis (in the mapping experiments) or restricted to the lower 4 × 4 deg hemifield. In cases where the magnetic field distribution over the head was a close fit to a dipole field, the location of the equivalent dipole was calculated in terms of Cartesian coordinates defined by the nasion and periauricular points on the subject's head (Williamson & Kaufman, 1989) . The origin of this coordinate system is the midpoint between left and right periauricular points. The X-axis is a line joining the origin and the nasion. The Y-axis is a line perpendicular to the X-axis lying in the plane containing the X-axis and the line connecting the two periauricular points. The Z-axis is the line through the origin perpendicular to the X-axis and the Y-axis. (Although the Z-axis emerges from the scalp in the general vicinity of the vertex, the vertex itself plays no role in the definition of the Z-axis.) The orientation of the equivalent dipole's moment is given by ~. This angle is measured counterclockwise from the plane containing the Z-axis and the location of the dipole. Note that since the coils measure only the component of magnetic field radial to the head, the equivalent dipole moment must necessarily by perpendicular to the line joining the origin of the coordinate system to the dipole location. The accuracy of locating a single equivalent dipole has been estimated at better than 3 mm (Yamamoto, Williamson, Kaufman, Nicholson & Llinas, 1988 ).
*It is known that the effect of temporal contrast (i.e. modulation depth) on visual evoked potentials to luminance flicker does vary substantially with colour for equiluminant stimuli (Regan, 1970) .
Subjects
Eight subjects were used. Subjects 1, 2 and 5 were female, aged respectively 35, 30 and 28 yr. Subjects 3, 4, 6, 7 and 8 were male, aged respectively 28, 28, 36, 25 and 26 yr. The colour vision of all eight subjects was tested using Americal Optical Co. HRR plates, and found to be normal.
EXPERIMENT 1: CONTROL FOR LUMINANCE
CONTRAST ARTIFACT
Methods
Purpose
The purpose of Experiment I was to control the possibility, that the response to a red-green chromatic grating might be entirely a luminance contrast artifact, even though the red and green component gratings were equiluminant and of equal contrasts. This possibility arises if the effect of spatial contrast on response amplitude is different for equiluminant monochromatic red and green gratings.*
Procedure
The red and green gratings were set to equiluminance by means of HFP. We kept this luminance ratio constant and varied the ratio of the contrasts of the red and green gratings.
Results Figure I (A, B) shows magnetic brain responses to the onset (ON) and offset (OFF) of contrast for a series of red-green luminance contrast ratios on either side of the point of equal and opposite contrast (1.0 in Fig. 1) . If the responses were entirely due tO achromatic contrast, response amplitude would fall to a sharp zero at, or near, the point of equal and opposite luminance contrast as illustrated in Fig. I(C, D) for the case of two superimposed monochromatic yellow gratings. To ensure that we did not miss such a narrow minimum by sampling too coarsely, we spaced points very closely for the red-green chromatic gratings. Inspection of Fig. I(A, B) shows no evidence for a zero response or even an appreciable dip in response amplitude at any red-green luminance contrast ratio, though response amplitude fell to zero at 1.0 for two superimposed monochromatic gratings. 
Methods
Purpose a~(l rationale
In Experiment 2 we compared magnetic responses to red-green chromatic contrast with magnetic responses to luminance contrast. Our rationale was to stimulate with chromatic and luminance gratings that were identical in all except one respect. The chromatic grating was the linear sum of two component gratings, one red and the other green. Both component gratings had the same mean luminance, the same orientation, the same spatial frequency and the same contrast. The luminance grating was the linear sum of the identical two component gratings. The only difference between the chromtic and luminance gratings was that the red and green component gratings had a 180 deg difference in spatial phase for the chromatic grating and 0 deg difference in spatial phase for the luminance grating.
Procedure
We compared the following five properties of magnetic responses to chromatic and luminance gratings: amplitude; waveform; whether they were equal to the linear sum of the responses to the red component alone and the green component alone; spatial frequency tuning; field distribution over the head.
Results
Comparison of amplitudes of magnetic responses to chromatic contrast and to luminance contrast
For subject 2 the response to chromatic contrast had a significantly higher amplitude than the response t O luminance contrast at most of the 57 sites from which recordings were made. The imbalance was most pronounced near the site from which the traces shown in Fig. 2 were recorded, where the peak-to-peak amplitude of the response to red-green chromatic contrast (thin lines) was approx. 3.3 times larger than the response to yellow luminance contrast (thick lines). This finding is evidence than an equiluminant chromatic grating can produce a magnetic response to colour-defined form. Our argument here is that, when stimulated by the yellow achromatic grating, the medium-wavelength cones alone and the longwavelength cones alone would both receive a stimulus of 100% contrast, whereas considering either kind of cone alone, the contrast would be much lower for the equiluminant chromatic grating. If we ignore the possibility of oversaturation, the chromatic grating could not, therefore, produce a luminance response artifact larger than the luminance response produced by the yellow luminance grating.
The possibility that the achromatic grating gave a smaller response because of oversaturation was discounted by showing that the chromatic response remained larger than the achromatic response when the contrasts of both the red and green components was reduced from 100 to 50%. Figure 5(A-G) illustrates the waveform difference between responses to chromatic and luminance contrast at a single recording location in a total of eight subjects. Note that no attempt was made to select recording sites that gave similar chromatic response waveform in the eight subjects. Rather, the recording site was selected to give a large difference between the chromatic and luminance waveforms. Since in any given subject the response waveform varies with the choice of recording sites, this decision resulted in the considerable variation in response waveform evident in Fig. 5 . *The magnetic response to luminance-defined form also differs from the magnetic response to texture-defined form (He & Regan, 1992; Regan & He, 1995) .
Comparison of waveforms of magnetic responses to chromatic contrast and luminance contrast
Linearity of summation of responses to red and green component of the luminance gratings
The traces in Fig. 6 (A) are responses to the red-green chromatic grating. At this recording site responses to the yellow luminance grating were of somewhat lower amplitude [Fig. 6(B) ]. Two repeats of each response are shown to indicate reproducibility.
As discussed above, the chromatic grating and the luminance grating were both the linear sum of the same two component gratings. Figure 6 (C) shows responses to the red component grating and Fig. 6 (B) shows responses to the green component grating. The two responses were approximately similar. We obtained a linear prediction by adding the mean of the two traces in Fig. 6 (C) to the mean of the two traces in Fig. 6 (D). This predicted waveform is shown by the thick line in Fig. 6 (E).
The waveform and latency of the predicted response was similar to the waveform and latency of the response to the yellow luminance grating actually recorded [ Fig. 2(B) ], though the predicted amplitude was a little larger. On the other hand there was a striking disagreement between the linearly-predicted waveform and the waveform actually recorded in response to the chromatic grating. The fine trace in Fig. 6 (E) is the mean of the two responses to the chromatic grating shown in Fig. 6(A) . This empirical response is considerably larger, and the peak latency is considerably longer than the linear prediction shown by the thick trace.
The opposite effect was observed at other recording sites. As in Fig. 6 , the waveform and latency of the predicted response [ Fig 
Spatial tuning of magnetic responses to red-green chromatic contrast and to luminance contrast
The effect of spatial frequency on magnetic responses to an equiluminant red-green grating (thin traces) and to a monochromatic yellow luminance grating (thick traces) are compared in Fig. 8 (subject 2). For subject 1, response amplitude for both the onset and offset of chromatic contrast was approximately constant for 1.0, 1.5 (not shown) and 2.0 c/deg, then fell off at higher spatial frequencies. This falloff was more rapid for the offset than for the onset response [ Fig. 8(A) , thin traces]. At 8 c/deg, the main peak-topeak deflection in the onset response was only about 37% of its value at 1.0 c/deg, and the peak-to-peak offset response had fallen to no more than about 17% of its value at 1.0 c/deg. For luminance contrast responses the picture was quite different [ Fig. 8(A) , thick traces]. The amplitude of the main peak-to-peak deflection in the onset response was largest at 4 c/deg, and fell off at lower and higher spatial frequencies. At 8 c/deg it was only a little smaller than at 1 c/deg. The offset response peaked at 2-4 c/deg, and was also about the same size at 8 and 1.0 c/deg. For subject 2 [ Fig. 8(B) ] the picture differed only in detail. The response to the onset of chromatic contrast retained approximately the same amplitude from 1.0 to 2.0c/deg, and fell off at higher spatial frequencies [ Fig. 8(B) , thin traces]. At 8 c/deg the main peak-to-peak deflection was no more than 25% of its value at 1.0c/deg. The main peak-to-peak deflection of the response to onset of luminance contrast rose to a peak at 4c/deg, and fell off at lower and higher spatial frequencies, though the falloff at higher frequencies was more gradual than for subject 1 [ Fig. 8(B) , thick traces]. Responses to the offset of luminance contrast were almost absent for subject 2. Although weak, offset responses for chromatic contrast paralleled the behaviour of onset responses to chromatic contrast.
Compar&on of topographical distributions of neuromagnetic response to red~reen chromatic contrast and to luminance contrast
Using the same subject we compared the topographical distributions of the neuromagnetic responses to equiluminant red-green gratings in Fig, 9 and to yellow luminance gratings in Fig. 10 . A compromise between restricting stimulation to a small area of cortex while ensuring an adequate signal-to-noise ratio was achieved by stimulating a single retinal 4 × 4 quadrant. For each separate quadrant we recorded from seven placements of I  I  t  ,  ,  I  ,  ,  ,  ,  I  I  i  ,  ,  , for subject 1, and 95_+3, 122_+7 and 200_+20 for subject 2. Responses to the onset of luminance contrast approximated the sum of three components whose peak latencies were 87 _+ 7, 117 + 7, and 200 ± 20 for subject 1 and 87 + 7, 127 ± 7, and 177 ± 7 for subject 2, and the offset response approximated the sum of three components whose peak latencies were 85 _+ 5, 120 _+ 10, and 210+_20 for subject 1 and 85_+5, 120±10, and 202 _+ 12 for subject 2. The contours in the Fig. 9 (A-D) maps plot locations that gave equal amplitudes of magnetic field at the peak of the first component in the response to chromatic contrast. There is one map for each of the four quadrants stimulated. Plus signs indicate that the magnetic field was radially outwards with respect to the skull and minus signs indicate that the field was radially inwards. Contours represent +200, + 160, + 120, + 80, +40, 0, -40, -80, -120, -160 and -200 femt0tesla (fT) in (A), (B) and (D). In (C), additional contours at +240 and +280 fY are shown. The fit between each map and the field of a single equivalent dipole is given by the correlations (r values) in Table 1 Z) and orientations (~u) of the equivalent dipoles are also listed in Table 1 which also lists corresponding data for the second peak of the response to the onset of chromatic contrast and the second peak of the offset response. (The meanings of X, Y, Z and ~ are explained in the Methods section.) A diagrammatic impression of these source locations is provided by the inset heads in Fig. 9 , where the location is depicted by the dot and the direction by the arrow. The source location is shown from three different viewpoints. The head was depicted as a sphere that best fit the region of the skull from which the recording was made. The contours in the Fig. 10(A-D) maps plot locations that gave equal amplitudes of magnetic field at the peak of the first component in the response to luminance contrast. Other details are as for Fig. 9(A-D) . Correlations and locations of equivalent dipoles are listed in Table 1 . Table 1 also lists data on the second peak of the onset response and also on the second peak of the offset response.
EXPERIMENT 3: COMPARISON OF MAGNETIC AND ELECTRICAL BRAIN RESPONSES TO CHROMATIC CONTRAST AND TO LUMINANCE CONTRAST
Methods
Purpose and rationale
By comparing magnetic and electrical responses we aimed to provide clues additional to those provided by field distributions as to whether responses to chromatic contrast originate in the same regions of the brain as responses to luminance contrast. Our rationale was that, as already mentioned, magnetic and electrical recording sample different neural populations. Stimulation was restricted to the quadrant of the visual field indicated in the leftmost column. Correlations (r values) between the recorded field and the field produced by a single dipole are given in the rightmost column. Data are listed for the first and second peak of the responses to contrast onset and for the second peak of the offset response. The correlation was less than 0.8. Subject 1.
Results
The traces shown in Fig. 11 (A) are electrical responses (i.e. evoked potentials) to the onset (ON) and the offset (OFF) of the contrast of an equiluminant red-green grating (first column) and the contrast of a yellow luminance grating (second column) recorded from three of the array of 21 electrodes that we used. These three electrodes gave the largest responses, and were all located over the occipital cortex. Two repeats of each trace are given to indicate variability. The third column compares the average of the two responses to chromatic contrast (thin trace) with the average of the two responses to luminance contrast (thick trace). The first and second prominent peaks in the chromatic response (arrowed) had latencies of 120 and 165 msec respectively and the broad negative deflection in the offset response (arrowed) had a latency of approx. 150msec. In the luminance contrast traces, the first three peaks marked by arrows had latencies of 100, 125 and 155msec respectively, and the two peaks marked by arrows in the offset response had latencies of 115 and 145 msec respectively. A comparison of the thick and thin traces in the third column brings out the point that the sharp positive peak in the responses to chromatic contrast was replaced by a negative peak of approximately the same latency in the luminance responses. A further distinction between the electrical responses to chromatic and luminance contrast is that the sharp negative peak at 115 msec in the responses to the offset of luminance contrast was replaced by a much broader negative peak in the chromatic responses.
In the magnetic responses to the onset of chromatic contrast, the first and second prominent peaks (arrowed) had latencies of 115 and 155msec respectively [ Fig. 1 I(B) , first column]. In this subject, the magnetic response to the offset of chromatic contrast was absent. The first and second prominent peaks in the response to the onset of luminance contrast (arrowed) had latencies of 95 and 130msec respectively. The magnetic response to the offset of luminance contrast was either very small (top trace) or absent (bottom trace). A comparison of the thick and thin traces in the third column present a picture that differs from the electrical responses of Fig. ll(A) . The two prominent peaks in the magnetic response to onset of luminance contrast (thick traces) were replaced by peaks that were delayed rather than being inverted. In addition, the responses to contrast offset that was evident in the VEP was almost absent in the magnetic response from the coils in the occipital region; for this subject the offset response was also negligible for all other 54 recording sites investigated.
EXPERIMENT 4: COMPARISON OF MAGNETIC RESPONSES TO BLUE-YELLOW AND RED-GREEN CHROMATIC CONTRAST
Methods
Purpose and procedure
The hypothesis that human colour vision is supported by two functional systems, one a red green opponent process and the other blue yellow opponent process (Hering, 1964 ) is supported by a body of psychophysical evidence (Hurvich & Jameson, 1957; Boynton, Ikeda & Stiles, 1964; Sperling & Harwerth, 1971; Guth & Lodge, 1973; Boynton, 1975 1982). In Experiment 4 we searched for objective evidence of a distinction between these two opponent processes in human. We compared how magnetic brain responses to red-green contrast differed from magnetic brain responses to blue-yellow contrast with respect to waveform, to amplitude and to field distribution over the head.
Rationale
Our rationale for distinguishing responses to chromatic contrast from responses to luminance contrast was the same as in Experiment 2. In particular, our blue-yellow chromatic grating was the linear sum of a blue luminance grating and a yellow luminance grating, the two component gratings having 180 deg difference in spatial phase, but the same luminances, spatial frequencies, orientations and contrasts. The corresponding luminance grating was a linear sum of the same blue and yellow component gratings, but this time the two components had 0deg difference in spatial phase. The resulting luminance grating was white. The red-yellow chromatic grating and its corresponding yellow luminance grating were the same as in Experiment 2.
Possible artifacts caused by ocular chromatic aberrations
The three types of ocular chromatic aberration that are likely to be important in the present study are longitudinal chromatic aberration (i.e. variation of ocular focal length), chromatic difference of magnification and wavelength-dependent displacement of the retinal image (Smith, 1966; Kingslake, 1978) . Measurements of longitudinal chromatic aberration made by evoked potential recording (Regan, 1973) agree closely with measurements made by psyehophysical methods (Hartridge, 1947; Thomson & Wright, 1947; Bedford & Wyszecki, 1957; Campbell, 1957; Le Grand & E1 Hage, 1980; Howarth & Bradley, 1986) , though the evoked potential measures are more relevant for our present purpose. Both methods indicate that the difference in ocular lens power for green and red is roughly 0.7 dioptres, and that the difference for yellow and the extreme blue end of the spectrum is considerably larger (about 2 dioptres).
Especially at the low spatial frequency of 2 c/deg, chromatic aberration was unlikely to introduce appreciable problems for red-green gratings and this was confirmed by the finding that equiluminant red and green luminance gratings gave similar responses [ Fig. 5(C, D) ], and also that responses to chromatic contrast could be up to 3.3 times larger than responses to luminance contrast (Fig. 2) . We envisaged that chromatic aberration might present more of a problem when attempting to demonstrate that a response evoked by a blu~yellow grating was not entirely nor even largely a luminance contrast artifact. For example if the yellow grating were in sharp focus on the retina while the blue grating was extremely blurred, so far as responses to contrast were concerned the blue grating might as well be absent even though the two gratings were psychophysically equiluminant. This effect has been demonstrated using evoked potential recording for checkerboard patterns that contained appreciable power at high spatial frequencies (Regan, 1973) . For this reason we searched for a recording location at which the response to an equiluminant blue-yellow grating was substantially larger than the response to a luminance grating.
Results
The thin trace in Fig. 12(A) is the response to onset (ON) and offset (OFF) of contrast for a chromatic grating created by superimposing equiluminant blue and yellow luminance gratings with 180 deg difference of spatial phase. The thick trace is the response to a whit~black luminance grating created by superimposing the same blue and yellow luminance gratings with zero difference in spatial phase. At this recording site the response to blue-yellow chromatic contrast was substantially larger than the response to white-black luminance contrast. The control experiment whose results are shown in Fig. 12(B) showed that the response to the onset of blue-yellow chromatic contrast was substantially larger than the response to the onset of luminance contrast for either the blue or yellow component gratings alone (thick traces). Also, because the blue and yellow luminance gratings gave approximately similar responses, we can assume that chromatic aberration exerted no substantial effect. Figure 12 (C) compares the response to blue-yellow chromatic contrast (thin trace) with the response to red-green chromatic contrast (thick trace). The two onset responses had approximately similar waveforms for this subject, and that was the case for all the six subjects tested. For three subjects, however, the topographical distribution of the contrast onset responses were clearly different for equiluminant red-green and blue-yellow gratings.
Three of the six subjects tested gave a clear response to the offset of chromatic contrast for blue-yellow gratings. In two of these three subjects the contrast offset responses were similar for blue yellow and red green gratings, but in the third subject the blue-yellow grating gave a larger contrast offset response than the red-green grating.
DISCUSSION
Equiluminance, stimulus field diameter, and retinal homogeneity
It is considerably easier to record some sort of a magnetic or electrical brain response to an equiluminant chromatic pattern than to demonstrate convincingly that the response is entirely a response to chromatic contrast rather than being partly or even entirely a luminance contrast artifact. On the grounds that: (1) the magnetic response to an equiluminant red~reen chromatic grating is not silenced at any ratio between the luminance contrasts of the red and green components of the grating; and (2) the red component alone and the green component alone give responses of approximately the same amplitudes when both have the same contrasts [e.g. Fig. 7(C, D) ], we conclude that the response to an equiluminant red-green grating is not a luminance contrast artifact.
Had we used a large stimulus field (e.g. 20deg diameter) the above rationale would have been flawed. Because of retinal inhomogeneity, no unique red-green ratio renders a red-green grating equiluminant over a large retinal area*. (Similar reasoning holds for a yellow blue grating.) This issue has been discussed elsewhere in detail (Regan, 1972a, p. 94 and 1989, pp. 447 449) . The force of this point is that several previous reports on VEPs to chromatic contrast have used stimulus fields as large as 22 deg. In previous studies on VEPs we restricted the equiluminant chromatic grating and checkerboard stimuli to a part of the relatively homogcneous macular area, in particular, *In principle, an extensive grating could be made equiluminous over its entire area by adjusting the red-green ratio to different values in different regions of the grating.
a semicircle of radius 0.75 deg (Regan & Sperling, 1971; Regan, 1972b Regan, , 1973 Regan, , 1974 Regan, , 1975a Regan & Spekreijse, 1974) . For the same reason, Kulikowski and his colleagues used a semicircle of radius 4.0 deg or a circle of radius 1.5 or 3.0deg (Murray, Parry, Carden & Kulikowski, 1986; Parry, Kulikowski, Murray & Kranda, 1988; Kulikowski, Murray & Parry, 1989) . In the present study we restricted stimulation to a 4 × 4 deg central region.
Distinctions between the response to red~reen equiluminant chromatic gratings and to monochromatic luminance gratings
On the basis of the following evidence we conclude that the response to the onset of red-green chromatic contrast is qualitatively different from the response to the onset of luminance contrast.
(1) At low spatial frequencies, the amplitude of the response to an equiluminant red-green grating can be considerably greater than the linear sum of the responses to its red and green component gratings presented alone, while at the same recording site the response to a monochromatic luminance grating is no larger than this linear sum (Fig. 6 ). Because this point is valid when the red and green component gratings are of low (50%) as well as high (100%) contrast we conclude that this nonlinear facilitation is not an artifact of response saturation.
(2) The waveforms of the responses to the onset of chromatic contrast and to the onset of luminance are quite different and the major peaks have different latencies (Figs 2, 3 and 5). For this argument to be fully convincing, we need to show that the waveform of the response to the onset of luminance contrast is not a special case for a monochromatic yellow grating. It is known that the electrical response to luminance contrast does not depend on colour (Regan, 1972 (Regan, , 1973 Kulikowski et al., 1989) . In the present study we found that in all cases, for any given subject and recording site, the waveform of the magnetic response to the onset of luminance contrast does not depend on the colour of the monochromatic grating [e.g. compare Fig. 7(B-D) ].
(3) Responses to equiluminant red-green gratings are lowpass with respect to spatial frequency, whereas response to a luminance grating are bandpass (Fig. 8) .
(4) Responses to an equiluminant red-green grating attenuate more steeply with increasing spatial frequency above 2 c/deg than do responses to a monochromatic luminance grating, and fall to noise level at a lower spatial frequency (Fig. 8) .
Comparison of responses to equiluminant blue-yellow and equiluminant red-green gratings
First we discuss our evidence that the magnetic response to the onset of blue-yellow chromatic contrast is qualitatively different from the magnetic response to the onset of luminance contrast. This evidence is as follows: (1) the amplitude of the response to a blue-yellow chromatic grating can be larger than the response to its blue or yellow components; and (2) the waveform of the blue-yellow chromatic and white--black luminance responses are different, and in particular the second peak of the chromatic response is larger and delayed in comparison with the second peak of the luminance response [ Fig. 12(A) ].
Turning to a comparison of magnetic responses to blue-yellow and red-green gratings, we found that red-green and blue~ellow gratings produce magnetic response waveforms that were either similar or only slightly different in all six subjects tested--though the topographical distributions differed in three subjects.
Although we were unable to find any previous comparison of magnetic responses to blue-yellow and red-green gratings, there are several relevant studies using electrical responses (i.e. evoked potentials). There is considerable disagreement. Kulikowski et al. (1989) found that electrical responses to blue-yellow and red-green equiluminant gratings have similar waveforms, while other researchers reported that electrical responses to blue-yellow and red-green gratings have quite different waveforms (Berninger, Arden, Hogg & Frumkes, 1989 
Comparison of electrical and magnetic responses to chromatic and achromatic gratings
As already mentioned, the magnetic field radial to the skull is chiefly produced by current flowing along the cell bodies and dendrites of neurons that are oriented parallel to the skull and are close to the recording coil. On the other hand, VEPs receive contributions from neurons oriented at a right angle as well as parallel to the skull and from both close and distant sources. Now suppose that the magnetic response to stimulus A is considerably larger than the magnetic response to stimulus B, while the electrical response to stimulus B is considerably larger than the electrical response to stimulus A. This pattern of response would be consistent with the conclusion that a considerably larger fraction of the response to stimulus A is generated by neurons sited parallel to the skull (e.g. on one wall of a cortical fissure) than is the case for the response to stimulus B. In comparing magnetic with electrical responses we found that, for subject 2, the response to the offset of luminance contrast that was clearly evident in the VEP was almost absent in the magnetic response, and the response to the offset of chromatic contrast that was clearly present in the VEP--through sluggish--was totally absent in the magnetic response [ Fig. 11 (A, B) ]. We conclude that, for subject 2, neurons oriented parallel to the skull and close to the recording coils do not contribute to the offset response in the VEP. This conclusion did not hold for other subjects [e.g. Fig. 5(A, D, E, H) ], and especially for subjects 1 and 8 whose magnetic responses to contrast offset could be almost as large as their magnetic responses to contrast onset [ Fig. 5(A, H) ]. Thus, a comparison of magnetic and electrical brain responses bring out further confirmation of the considerable intersubject variability of visual cortical neuroanatomy that has been demonstrated objectively in human brain (Brindley, 1972) , and inferred from the substantial intersubject variability in the scalp distribution and polarity of VEPs especially when stimulation is restricted to a small region of the visual field (Jeffreys, 1977; Regan, 1973; Regan & Milner, 1978) .
In Fig. 11 the magnetic and electrical responses to the onset of chromatic contrast are both biphasic, and the latencies of the two peaks are roughly the same for the two responses. The situation is quite different for responses to the onset of luminance contrast. Although the first two peaks have roughly the same latencies in the magnetic and electrical responses, the third (155 msec) peak in the electrical response has no counterpart in the magnetic response. We conclude that, in subject 2, neurons oriented parallel to the skull and close to the recording coils do not contribute to the prominent 155 msec peak in the VEP.
We now discuss quantitatively the individual components of the magnetic response. The first major peak of the response to the onset of chromatic contrast had a latency of 120 msec, and the first major peak of the response to the onset of luminance contrast had a latency of 100 msec. Counter maps were plotted for both peaks for all four retinal quadrants, and in every one of the eight cases the field distributions were well fitted by a single-dipole field. For all of the four quadrants the equivalent dipoles for the first peak in the onset response to chromatic contrast had approximately the same locations and orientations as the equivalent dipoles for the first peak in the onset response to luminance contrast. From the data of Table 1 we conclude that, for both chromatic and luminance gratings, the equivalent dipoles for the second peaks in the response to contrast onset and offset were in roughly the same locations as the equivalent dipoles for the first peak in the response to contrast onset, but had opposite orientations.
Comparison with previous objective studies in human
We could not find any previous studies on magnetic responses to chromatic contrast, but several studies on electrical responses (evoked potentials) have been published. The literature up to 1989 is reviewed in Regan [(1989), pp. 439-451] . Early studies used sharp-edged checks or bars rather than sinewave gratings (Regan & Sperling, 1971; Regan, 1972b Regan, , 1973 . Compared with low frequency gratings, chromatic aberrations make these stimuli especially prone to produce luminance artifacts that can masquerade as responses to chromatic contrast. By using an optical method to cancel simultaneously the three most ,important chromatic aberrations (i.e. longitudinal, chromatic aberration, chromatic difference of magnification and chromatic difference in the displacement of the principal ray) it was shown that equiluminant checks and bars can produce VEPs that cannot be explained as luminance contrast artifacts (Regan, 1973) . Further support was provided by the finding that VEP amplitude fell to zero at equiluminance in a dichromat (Regan, 1973; Regan & Spekreijse, 1974) .
The waveform of the transient VEP to contrast onset and offset is the same for equiluminant chromatic contrast and for luminance contrast when the stimulus pattern was a checkerboard (Regan & Spekreijse, 1974) . Parry et al. (1988) and Kulikowski et al. (1989) confirmed this finding, but went on to show that the picture is quite different when a sinewave grating stimulus is used instead of a checkerboard. In that case, the prominent positive peak at a latency of about 130-140 msec in the luminance response is replaced by a negative peak in the chromatic response (Parry et al., 1988) . For better comparison with the Parry et al. (1988) data (obtained with a centrally-viewed grating of 3.0 deg diameter), in Fig. l l(A, B) we used a centrally-viewed grating of 4.0 deg diameter rather than the quadrantic stimuli used in the rest of this paper. While we recorded from 20 sites. Parry et al. (1988) reported VEPs from only one recording site (Oz referred to linked ears). For ease of comparison, Fig. 1 I(A) shows VEPs from three sites close to Oz. The Fig. I I(A) data confirm the findings of Parry et al. (1988) that the negative peak at 120-140msec in the onset response to luminance contrast is inverted in the chromatic response. We add here that the sharp negativ~positive complex in the offset response to luminance contrast is replaced by a much broader negative wave in the chromatic response.
A suggested explanation for the finding that a distinction between pattern reversal VEPs for chromatic contrast and luminance contrast is not observed for checkerboard stimulation is that pattern reversal VEPs to small sharp-edged equiluminant checks contain little or no contribution from chromatic contrast (Regan, 1973) . In view of the evidence that pattern-reversal VEPs to equiluminant checks contain no contributions from luminance contrast either (Regan, 1973) , this suggestion might at first sight seem paradoxical: if the VEPs are not produced by chromatic contrast or by luminance contrast, what does produce them? However, the suggestion can be understood in terms of experimental evidence that: (1) long-and medium-wavelength signals are still segregated when they arrive at the most peripheral neurons that respond to small sharp-edged checks; and (2) the spectral sensitivities of both these pattern pathways differ from the photoptic V; curve (Regan, 1972b (Regan, , 1973 (Regan, , 1974 (Regan, , 1975a .
A plaus~le reason why VEPs to small sharp-edged checks for contrast onset might contain little contribution from chromatic contrast is that a pattern of small sharp-edged checks contains considerable power at high spatial frequencies, and responses to chromatic contrast fall off more rapidly'as a grating's spatial frequency is increased than do responses to luminance contrast (e.g. see Fig. 8 ). This cannot be the whole story, however; because Kulikowski et al. (1989) showed that an equiluminant grating composed of narrow (0.25 deg) sharpedged bars gave a strong transient response to the onset of chromatic contrast, while a pattern of 0.25 deg sharpedged checks gave responses similar to luminance contrast responses. The chief difference here was between a one-and two-dimensional pattern, and it has been suggested that the nonlinear interactions that are known to occur between orthogonal luminance gratings might be quite different from the nonlinear interactions that occur between orthogonal chromatic gratings [Regan (1989), p. 451] .
Comparison with monkey neurophysiology and human clinical data
Several kinds of evidence support the idea that two functional streams of visual processing exist within monkey visual cortex, one important for colour/form and one important for motion (Van Essen & Maunsell, 1983; Maunsell & Newsome, 1987; Felleman & Van Essen, 1991) . The colour/form stream projects through the superficial layers in VI to V4, a cortical area that is important for the processing of colour in macaque monkey (Zeki, 1973 (Zeki, , 1977 Livingstone & Hubel, 1984; Schipp & Zeki, 1985; Heywood & Cowey, 1987; Schiller, Logothetis & Charles, 1990; Schiller, 1993) . Turning from monkey to human, there have been sporadic claims during the last century that a cerebral lesion can destroy the sensory ability to distinguish one colour from another, though the suggestion has been dismissed repeatedly (reviewed by Zeki, 1990a) . Citing supporting postmortem evidence, Verry (1888) argued that a "colour centre" is located in the lingual and fusiform gyri. According to Zeki (1990b) , Lenz (1921) later reported that lesions of the fusiform gyri alone can cause achromatopisa. More recently, Lueck, Zeki, Friston, Deiber, Coee, Cunningham, Lammertsma, Kennard and Frackowiak (1989) used position emission topography (PET) to measure changes in the regional blood flow while the subject viewed visual stimuli. Recordings were made, first while subjects viewed a coloured pattern, and then while they viewed a similar pattern of greys and whites. The two brain responses were subtracted and it was found that the residual activity was located outside striate cortex in the region of the ligual and fusiform gyri. This activity was greater in the left than the right hemisphere for both left-and right-handed individuals. Lueck et al. (1989) suggest that this region of human cortex is equivalent to area V4 in macaque monkey.
If neuromagnetic responses to chromatic gratings originated in the lingual and/or fusiform gyri while responses to luminance gratings originated in striate cortex, we would expect the equivalent dipole locations to differ along the Z axis in our coordinate system (see Methods). Our evidence, however, is equivocal. We compared the source locations of responses to stimulation of the four quadrants. The sources of chromatic response showed that there was a (weak) tendency for the chromatic responses to originate a little deeper than the luminance responses for subject 1 but, if anything, the reverse was the case for subject 2. A possible explanation is that our recording coils had low sensitivity to activity within the lingual and fusiform gyri, because a large part of these cortical regions are approximately parallel to the skull. If considerable colour processing takes place in human V1 cortex, as is known to be the case in macaque (e.g. processing within CO blobs in macaque V1 cortex), our recording coils would be sensitive to this colour processing because much of the relevant projection areas in human V1 cortex is roughly perpendicular to the skull.
Compar&on with human psychophysical data
For red-green equiluminant gratings, a plot of contrast sensitivity vs spatial frequency is low pass (Schade, 1956; Van der Horst, de Weert & Bouman, 1967; Granger & Heurtley, 1973) , falling off from about 1 c/deg to give a grating acuity of about 12c/deg (Mullen, 1985) . The corresponding plot for luminance gratings is more bandpass, with a peak sensitivity at 2-4c/deg and a grating acuity of about 55c/deg (Schade, 1956; Westheimer, 1960 Westheimer, , 1972 Campbell & Gubisch, 1966; Van Nes & Bouman, t967) . Figure 8 shows that magnetic responses paralleled this lowpass/bandpass distinction in psychophysical contrast sensitivity and, in addition, magnetic responses to luminance contrast extended to higher spatial frequencies than magnetic responses to chromatic contrast.
Turning from spatial to temporal characteristics, it is known that the psychophysical processing of colour changes is more sluggish than the psychophysical processing of luminance changes. First, in the temporal frequency domain, sensitivity to equiluminant sinusoidal modulation of colour has a lowpass characteristic, and is restricted to frequencies below 3-5 Hz (DeLange, 1958; Regan & Tyler, 1971a, b; Kelly & Van Norren, 1977) . Sensitivity to luminance flicker, on the other hand, has a bandpass characteristic with a peak near 10Hz and extends up to 30 60Hz (DeLange, 1958) . Second, in the time domain, integration time for an equiluminant pulsed change in wavelength is considerably longer than for a pulsed change in luminance in the red-green part of the spectrum (roughly t 10 160 vs 60-70msec) (Regan & Tyler, 1971c) . Third, a corresponding distinction between the processing of colour and luminance has also been observed in double-pulse resolution (Bowen, Lindsey & Smith, 1977) . Our magnetic data are consistent with this psychophysical evidence that the processing of colour is more sluggish than the processing of luminance. Although we cannot conclude that the chromatic contrast response is merely a delayed version of the luminance contrast response (because the relative amplitudes of the successive peaks differ in the two responses), the latencies of the successive peaks in the response to the onset of chromatic contrast are greater than the latencies of the corresponding peaks in the response to, luminance contrast onset [ Fig. 5(A-H) ].
